Five residues in the multifunctional catalase-peroxidase KatG of Burkholderia pesudomallei are essential for catalase, but not peroxidase, activity. Asp141 is the only one of these catalase-specific residues not related with the covalent adduct found in KatGs that when replaced with a nonacidic residue reduces catalase activity to 5% of native levels. Replacing the nearby catalytic residue Arg108 causes a reduction in catalase activity to 35% of native levels, whereas a variant with both Asp141 and Arg108 replaced exhibits near normal catalase activity (82% of native), suggesting a synergism in the roles of the two residues in support of catalase activity in the enzyme. Among the Asp141 variants, D141E is unique in retaining normal catalase activity but with modified kinetics, suggesting more favorable compound I formation and less favorable compound I reduction. The crystal structure of the D141E variant has been determined at 1.8-Å resolution, revealing that the carboxylate of Glu141 is moved only slightly compared with Asp141, but retains its hydrogen bond interaction with the main chain nitrogen of Ile237. In contrast, the low temperature ferric electron paramagnetic resonance spectra of the D141A, R108A, and R108A/D141A variants are consistent with modifications of the water matrix and/or the relative positioning of the distal residue side chains. Such changes explain the reduction in catalase activity in all but the double variant R108A/ D141A. Two pathways of hydrogen bonded solvent lead from the entrance channel into the heme active site, one running between Asp141 and Arg108 and the second between Asp141 and the main chain atoms of residues 237-239. 
INTRODUCTION
Catalase-peroxidases or KatGs found primarily in bacteria, archaebacteria, and a few fungi are proving to be even more complex than their hybrid name suggests. 1 Named for the predominant catalase and peroxidase activities, additional low levels of NADH oxidase, INH lyase, and isonicotinoyl-NAD synthase activities have recently been characterized. 2 Isonicotinoyl-NAD is the activated form of the prodrug isoniazid and its production by KatG makes the enzyme responsible for the activation of INH as an antitubercular drug in Mycobacterium tuberculosis.
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The predominant catalase and peroxidase reactions involve a common path for compound I formation (Reaction 1), but differ in the path for compound I reduction back to resting state. Of the two electrons transferred to the oxygen during compound I formation, one is from the iron (Fe III ? Fe IV ¼ O) and the second is from the porphyrin generating a porphyrin cation radical (Reaction 1). In some cases, there is a further intramolecular electron transfer from a tyrosine or tryptophan residue (Reaction 2). KatG from Synechocystis PCC6803 has been characterized as forming a Por The predominant quaternary structure of KatGs is a dimer in which each subunit has two distinct, but sequence-related, domains that are similar in sequence and structure to plant peroxidases. Evolution of KatGs appears to have involved a gene duplication and fusion event, 9 which was subsequently reversed to produce the sequence-related, single-domain subunit plant peroxidases later in evolution. Specific features imparting catalase activity were also lost at this time. 1 The identification of catalase-specific features in KatGs has been the focus of several recent structurefunction studies aided by the recently reported crystal structures of catalase-peroxidases from Haloarcula marismortui, 10 Burkholderia pseudomallei, 11 Synecococcus sp., 12 and Mycobacterium tuberculosis. 13 Of the invariant active site residues on the distal side of the heme, Arg108 and His112 (numbering in B. pseudomallei KatG, BpKatG, is used throughout), are also invariant and in a similar spatial arrangement relative to the heme in cytochrome c peroxidase (CcP). This suggested a possible catalase-specific role for other residues such as Trp111 and Asp141 which was first confirmed for Trp111 14, 15 and extended to the adjacent Tyr238 and Met264, all three of which are joined in an unusual crosslinked adduct of Met-Tyr-Trp found in all catalaseperoxidases. [10] [11] [12] [13] 16 Similar to the changes to Trp111, changes to either Tyr238 or Met264, or to Arg426 associated with Tyr238, inhibited the catalase reaction with little or no effect on the peroxidase reaction. 2, [17] [18] [19] A molecular mechanism by which these four residues control catalase activity has been proposed. 20 Asp141 is unlinked to the Met-Tyr-Trp adduct, but changes to it also significantly reduce catalase activity with little effect on peroxidase activity. 2, 21 Asp141 is situated in the heme distal cavity at the main access channel entrance, with its C a atom about 10.0 Å from the heme iron (see Fig.  F1 1), and proposals for its role in the catalytic mechanism have included catalytic proton extraction from the substrate and creation of an electrical potential field orienting substrate dipoles. 21, 22 Involvement of Asp141 in the catalase reaction has been revisited in this report because of its apparent independence from the catalytic mechanism involving the molecular switch of Arg426. 20 The crystal structure of the D141E variant is reported and correlated with the 9-GHz electron paramagnetic resonance (EPR) spectrum of the ferric enzyme. In addition, the EPR spectra of other Asp141 and Arg108 variants allowed the inference of structural changes induced by the mutations. The restoration of catalase activity in a variant lacking both Arg108 and Asp141 provides new insights into the role of both residues in the control of substrate access to the active site.
MATERIALS AND METHODS
The variants of BpKatG were constructed, purified from the catalase-deficient E. coli strain UM262, and crystallized as previously described for other variants. 11, 16 For pH change, a crystal was soaked for 1 min in 20% PEG 4K, 20% MPD, and 100 mM Tris-HCl at pH 8.0 before flash cooling for data collection. Diffraction data were obtained from crystals cooled with a nitrogen cryostream. As before, crystals were primitive orthorhombic space group P2 1 2 1 2 1 with one dimeric molecule in the crystal asymmetric unit. The diffraction data sets were processed using the program DENZO and scaled with program SCALEPACK. 23 Five percent of the measured reflections in every data set were reserved for R free monitoring during automatic refinement (Table  T1  I ). The resulting map showed clear continuity over the complete length from Asn35 to Ala748 in both subunits. Refinement was completed using the program REFMAC 24 and the graphics program O. 25 Figures were prepared using SETOR 26 or VMD. 27 Low temperature (4 K) 9-GHz EPR measurements were performed using a Bruker ER 300 spectrometer with a standard TE 102 cavity equipped with a liquid helium cryostat (Oxford Instrument) and a microwave frequency counter (Hewlett Packard 5350B). Samples were prepared by buffer exchange using Centricon 10 microconcentrators (Amicon) and 20 mM Tris-maleate buffer for pH 5.6 and 8.0. EPR samples were measured as frozen solutions in 4-mm quartz tubes.
Catalase activity was determined by the method of Rqrth and Jensen 28 in a Gilson oxygraph equipped with a Clark electrode. One unit of catalase is defined as the amount that decomposes 1 lmol of H 2 O 2 in 1 min in a 60 mM H 2 O 2 solution at pH 7.0 and 378C. Peroxidase activity was determined using ABTS (2,2 0 -azinobis(3-ethylbenzothiazolinesulfonic acid)). 29 One unit of peroxidase is defined as the amount that decomposes 1 lmol of ABTS in 1 min in a solution of 0. 3 
RESULTS

Effect of Changes in Arg108 and Asp141 on Enzyme Activity
Variants of residue 141 in BpKatG lacking an acidic side chain (D141A and D141N) exhibit reduced turn (Table  T2 II). More significantly in terms of the reaction pathway, replacement of Asp141 lowers the apparent K m for H 2 O 2 for compound I formation (evident in the peroxidase kinetic constants in Table II) , and greatly increases the apparent K m for H 2 O 2 for compound I reduction in the catalase reaction (catalase kinetic constants in Table II and Ref. 2), closely reflecting the properties of similar variants of SyKatG. 21, 22 These data confirm that Asp141, in native BpKatG, has the contradictory effects of hindering H 2 O 2 binding for compound I formation (the peroxidatic K m for H 2 O 2 is lower in the absence of Asp141, 90-190 lM compared with 310 lM) and facilitating the H 2 O 2 binding for catalatic compound I reduction (the catalatic K m for H 2 O 2 is lower in the presence of Asp141, 3.7 mM compared with 60-95 mM). The position of Asp141 in the entrance channel does not allow direct interaction with the heme iron, but the positioning of its carboxylate just 5.7 Å from the guanidinium side chain of Arg108 (see Fig. 1 ) suggests that its role may lie in modulating the entry of substrate into the active site, working in concert with Arg108. This was investigated in a variant lacking both Arg108 and Asp141, R108A/D141A, which retains 82% of the native catalase turn over rate, in sharp contrast to the individual variants, R108A and D141A, which exhibit 35 and 5%, respectively, of native catalase turn-over rates (Table II) . This result clearly demonstrates a mutual dependence of the two residues with Asp141 being essential for catalase activity only when Arg108 is present and Arg108 having its greatest influence on the catalase reaction in the presence of Asp141. It should be noted that the catalase reaction of BpKatG and its variants differ from monofunctional catalases in following Michaelis-Menten kinetics closely, possibly a reflection of the lower H 2 O 2 concentrations involved and in not being inhibited by H 2 O 2 concentrations up to 1M.
In cytochrome c peroxidase (CcP), the distal side Arg is essential for compound I formation with the R48A variant exhibiting only 5% of native activity. 31 By analogy with peroxidases, Arg108 in KatGs has been ascribed the role of binding H 2 O 2 in conjunction with His112 for compound I formation, but a significant level of activity, 35% of native catalase and 60% of native peroxidase, is retained in the R108A variant (Table II) . There is a corresponding increase in the K m for H 2 O 2 in the peroxidase reaction (from 310 to 500 lM) consistent with Arg108 having a role in compound I formation, but it is clear that its role can be satisfied reasonably well by another residue. The most likely candidate is Trp111, (Table II) confirms this surmise. Thus, Trp111 can have a catalytic role in compound I formation, albeit less efficient than Arg108, as well as in compound I reduction.
Crystal Structure of the D141E Variant
Not all variants of BpKatG have proved to be amenable to crystallization, particularly those variants that have a significant effect on catalase activity. The S324T variant proved to be one key exception, but it retains normal catalase and peroxidase activity. Variant D141A proved to be similar to other inactive variants in not generating crystals, but variant D141E did crystallize under the same conditions as the native enzyme, and the crystals diffracted to 1.8-Å resolution (Table I ). The electron density maps define main chain and side chain atoms of 1426 amino acids, two metal ions, two heme groups, and 1383 waters in two subunits. As in the native enzyme, the 34 N-terminal residues are not visible, but the maps show clear continuity from Asn35 to Ala748 in two subunits. There are two regions showing divergence from the structure of the native enzyme. The first is in the neighborhood of residue 141 and the second is in the location of the side chain of Arg426.
The electron density maps in the vicinity of residue 141 in both subunits are best satisfied with a glutamate side chain replacing the aspartate side chain: the expected mutation (see Fig.  F2  2) . The longer glutamate side chain at residue 141 repositions the carboxylate 1.9 Å further away from the guanidinium group of Arg108 and 1.5 Å closer to the edge of the heme (see Fig. 2 ). Despite the reorientation of the carboxylate, it remains just 2.8 Å from the main chain nitrogen of I237, although the change in geometry may have resulted in a slightly weaker hydrogen bond, consistent with the higher B values for the side chain atoms in Glu141 (B ¼ 35-55 Å 2 ) compared with the native Asp141 side chain (B ¼ 15-25 Å 2 ). The longer side chain also obstructs the binding of water molecule W5, but the remainder of the variant's structure and solvent distribution in the region is indistinguishable from the native structure.
The electron density maps of the D141E variant also differ from the maps of native BpKatG in the cavity containing the side chain of Arg426. The native structure at pH 5.6 has the Arg426 side chain distributed in two conformations, 30% associated with Tyr238 (conformation Y) and 70% shifted away (conformation R), whereas in variant D141E, the maps are consistent with approximately 80% of the side chain being in conformation Y. This is the predominant conformation found in KatG of H. marismortui and in crystals of BpKatG shifted to high pH. 20, 32 To investigate if Arg426 remained sensitive to pH in variant D141E, a crystal was soaked in pH 8.0 buffer. As with the native enzyme, it survived the shift J_ID in pH and the two major changes from the structure at pH 5.6 are consistent with changes observed in the native structure. 31 The Arg426 side chain changed to >95% conformation Y and the perhydroxy modification on Trp111, presumably associated with the oxidase reaction, appeared with 100% occupancy.
Structural Changes in the Heme Environment as Detected by 9-GHz EPR Spectroscopy
The correlation of data from X-ray crystallography and low temperature EPR spectroscopy has identified subtle, but significant, changes in the microenvironment of the heme active site of BpKatG, induced by variation of the solution pH between 4.5 and 8.5, which are directly related to changes in the enzyme activity. 32 Because many of the distal-side variants do not crystallize, the ferric EPR spectrum is an important tool with which to monitor the changes induced by the different mutations and to understand better the differences in enzyme activity.
The low temperature 9-GHz ferric EPR spectrum of the resting BpKatG (see Fig.  F3 3) shows the contribution of two predominant signals, an axial signal (with g A\ ¼ 5.90 and g Ak ¼ 1.99) in addition to a rhombically distorted signal (g Bx ¼ 6.50, g By ¼ 5.10 and g Bz ¼ 1.97), the ratio of intensities being pH dependent. At pH 5.6, the rhombically distorted signal B dominates the spectrum (see Fig. 3 , solid trace). As previously described, the absence of the expected higher contribution of the axial signal A, in the ferric EPR spectrum at pH !7.5, is the result of the changes in the relative positioning of the iron, distal side waters, and the imidazole and indole nitrogens of His112 and Trp111, caused by the perhydroxy modification on Trp111. 32 Only the expansion of the spectrum showing the g % 6 resonance of these signals at the two pH values corresponding to the crystallization conditions is shown for clarity (see Fig. 3 ). The ferric EPR spectrum of the D141E variant at pH 8.0 is the same as that of the wild type enzyme (see Fig. 3 ) consistent with the presence of the perhydroxy modification on Trp111 observed in the crystal structure of this (Table II) . By contrast, the ferric EPR spectrum of the D141A variant at pH 5.6 exhibits a predominant axial signal similar to the Y238F and W111F variants. 32 This is consistent with a more dramatic change in the positioning of water(s) in close proximity to the heme iron, and as for variants Y238F and W111F, the change in variant D141A is associated with a 95% loss of catalase activity. A different effect is observed in the in Arg108 variants such as the R108A variant, in which the ferric EPR spectrum shows a measurable difference in the rhombic distortion of the signal, when compared with the wildtype spectrum (g Bx ¼ 6.61, g By ¼ 5.08 and g Bz ¼ 1.96) with no pH-dependence of the signals (see Fig. 3 ). Arg108 is further away from the perpendicular direction to the heme plane, even though it interacts with the iron through an extended H-bonding network as previously demonstrated for SyKatG. 8 Accordingly, the changes in the EPR spectrum are consistent with the 66% decrease in catalase activity of this variant, when compared with the wild-type enzyme (Table II) .
The spectral changes observed in the ferric EPR spectrum of the double variant R108A/D141A appear to be a combination of the changes induced by the individual mutations, that is, a predominant axial signal as in variant D141A and a higher rhombic distortion on signal B with no pH dependence as in variant R108A (see Fig. 3 ). Considering the structural changes predicted by the spectra, an almost complete loss of catalase activity in the D141A/R108A variant was anticipated, whereas the observed activity is only 18% lower than the wild-type enzyme. This clearly indicates that although the mutations do not restore the relative positioning of the waters and distal side residues of the wild type enzyme [ Fig.  1(b) ], the new configuration adopted in the R108A/ D141A variant is favorable for H 2 O 2 binding and catalase function. It is of note that all W111F-containing variants (W111F, R108A/W111F and R108A/D141A/W111F) exhibit a predominant axial signal A for all pH values (see Fig. 3 ) and this agrees well with the almost 100% loss of the catalase activity in all cases.
DISCUSSION
A number of possible roles for Asp141 have been suggested including a direct involvement in the catalytic deprotonation of H 2 O 2 during the reduction of compound I, creation of an electrical potential in conjunction with the positively charged heme iron that acts on the electrical dipoles of solvent and substrate in the channel, enhancement of the iron (proximal imidazole bond strength), modification of the coordination state of the iron, and modification of the protonation state of His112. 22 The first of these possibilities, a direct catalytic role for Asp141, is unlikely for two reasons. First, the R108A/D141A double variant which lacks the carboxylate exhibits near normal catalase activity and, second, the carboxylate side chain is relatively rigidly positioned by a short and presumably strong 2.7 Å hydrogen bond to the main chain nitrogen of Ile237. The location and geometry of the sp 2 orbitals of a carboxylate group limit the range of its interactions, and the hydrogen bonds with waters, W1, W2, and W6, and the Ile237 nitrogen in the native and compound I structures exhibit appropriate geometry. Thus, for Asp141 to play a catalytic role in the deprotonation of H 2 O 2 associated with the hydroxoferryl heme group in the heme cavity, 21, 22 the carboxylate group would have to rotate and reorient the sp 2 orbitals, breaking at least transiently the existing hydrogen bonds including that with the main chain nitrogen of Ile237, and this is not supported by any structural evidence.
The suggestion that Asp141 creates an electrical potential field in conjunction with the heme iron to act on the electrical dipoles of incoming substrate and solvent to facilitate hydrogen bonding can be questioned. This particular concept was proposed for monofunctional catalases, 33 but in those enzymes the orientation of the aspartate is only 58 from the perpendicular to the plane of the heme, whereas in KatGs, the residue 141 carboxylate creates a 458 with the iron in the plane of the heme. Furthermore, if a potential field effect is operating in KatGs, it must require the presence of Arg108, but the proximity of the positively charged Arg108 side chain to Asp141 should actually reduce or distort the field. Further complicating the involvement of a potential field as a catalytic determinant is the fact that the K m for H 2 O 2 in the catalase reaction is elevated in both the R108A/ D141A variant, where the carboxylate is absent, and the D141E variant, where the carboxylate is present. Similarly, the importance of the heme coordination state and the proximal iron-imidazole bond strength to the catalase reaction must be small because of the near normal catalase activity of the R108A/D141A variant.
What then is the role of Asp141 in the catalase reaction? This can be explained well in terms of the precise juxtaposition of Asp141 and Arg108, which creates substrate binding sites that control entry of the substrate into the heme cavity by one of two paths. The branches of water leading from W1 [ Fig. 1(b) ] to the heme iron clearly delineate the paths with one branch leading to the catalytic site between Arg108 and His112 and the second leading to the catalytic site between Trp111 and His112. The importance of this water matrix in the catalase reaction has been previously demonstrated 22, 34 and the role of Asp141 and Arg108 in matrix stabilization is confirmed in this work (see Fig. 3 ). The role of the charged side chains of Arg108 and Asp141 is to present interaction with Arg108 continues to retard movement of the substrate to the Trp111-His112 catalytic site. Removal of Arg108, as in R108A, not only eliminates the Arg108-His112 catalytic site but allows the substrate to bind mainly with Asp141. This slows its movement to the Trp111-His112 catalytic site, which can now be used for both compound I formation, albeit not as efficiently, and compound I reduction. Simultaneous removal of Arg108 and Asp141 eliminates both strong substrate binding residues allowing the substrate to enter the Trp111-His112 catalytic active site more easily for both compound I formation and reduction.
The first branch of solvent passes between the side chains of Asp141 and Arg108, where the separation between the carboxylate and guanidinium groups is too great for simultaneous hydrogen bonding with the same water (see Fig. 1 ). However, the distance and orbital geometry accommodate an H 2 O 2 very well (see Fig.  F4 4) in the absence of waters W1 and W2. This binding site, labeled P1, should slow H 2 O 2 movement into the Arg108-His112 catalytic site for compound I formation, consistent with the higher K m for compound I formation when the aspartate is present (Table II) . On the other hand. removal of the carboxylate, as in D141A, or even moving it 1.9 Å further away from Arg108, as in D141E, prevents H 2 O 2 binding at P1, thereby allowing less obstructed access to the Arg108-His112 site consistent with the reduced K m for H 2 O 2 in compound I formation (Table II) . Beginning with P1, a series of possible binding sites for H 2 O 2 between P1 and the Arg108-His112 catalytic site leading to compound I formation can be modeled [Fig. 4,  panels (a-c) ]. An extended series of binding sites is available in the Supplementary material [ Fig. S1(A) ].
The second branch of solvent leading into the heme cavity begins with W5 which, despite its proximity to the Asp141 carboxylate, is positioned to create a favorable hydrogen bond with only one carboxylate oxygen and then only if the hydrogen bonds with waters W1 and W2 are broken. However, as part of the water matrix, W5 is hydrogen bonded between W1 and W6, and W6 is favorably situated to hydrogen bond with the carboxylate of Asp141, the main chain carbonyl oxygen of Val239 and the main chain nitrogen of Tyr238. Displacement of W6 provides a favorable binding site for H 2 O 2 , labeled P2 (see Fig. 4 ), involving the same three hydrogen bonds placing the substrate on the solvent path leading to the Trp111-His112 catalytic site for compound I reduction. The involvement of Asp141 as a facilitator of this reaction is in agreement with the decreased K m for compound I reduction in the presence of Asp141 (Table II). A series of possible binding sites for H 2 O 2 between P2 and the Trp111-His112 catalytic site leading to compound I reduction can be modeled [Fig. 4, panels   (c-e) ]. An extended series of binding sites is available in the Supplementary material [ Fig. S1(B) ].
The kinetic properties of variant D141E including a lower K m for H 2 O 2 in compound I formation and a higher K m for H 2 O 2 in the catalatic compound I reduction compared with the native protein provide yet another indication of how sensitive the catalase reaction is to subtle structural changes in the protein. The small change in location of the carboxylate of Glu141 places it too far from Arg108 to allow participation in the binding of H 2 O 2 at P1. This allows easier access of substrate to the Arg108-His112 catalytic site and a more facile compound I formation. The reason for more difficult catalatic compound I reduction in D141E is not as clear and could be a result of the longer glutamate chain constricting the entrance channel, enhancing electron density on the heme, binding H 2 O 2 more poorly at P2, and allowing more H 2 O 2 binding at Arg108-His112.
CONCLUSIONS
Although catalase activity is significantly diminished in all the single variants of Asp141 except D141E, simultaneous removal of Arg108, as in the double variant D141A/R108A, restores catalase activity to near native levels. It is postulated that Asp141 promotes catalase activity in the presence of Arg108 by creating a binding site for substrate H 2 O 2 that competes with binding between Arg108 and His112. Inside the distal heme pocket, the solvent is organized in two paths, one between Arg108 and Asp141, and the second between Asp141 and the main chain atoms of residues 237-239. The movement of substrate H 2 O 2 into the active site is controlled by binding either between Arg108 and Asp141, which slows its movement to the Arg108-His112 catalytic site for compound I formation or between Asp141 and the main chain atoms of residues 237 and 239, which directs it towards the Trp111-His112 catalytic site for compound I reduction. Other subtle changes such as the closer proximity of the carboxylate to the heme, constriction of the entrance channel by the longer side chain of Glu141 and shift in the equilibrium of Arg426 to greater interaction with Tyr238 contribute to the kinetic properties of the catalase reaction of the D141E variant. The 9-GHz EPR spectrum of the native enzyme clearly demonstrates the complexity of the relationship between activity and the three-dimensional arrangement of the water matrix and distal side residues in KatGs and provides additional support for the concept of and relevance for catalytic activity of the extended H-bonding network.
